A procedure for the analysis of mitochondrial DNA (mtDNA) using capillary electrophoresis instead of former gel-based methods is described. The procedure requires less manual manipulation in terms of electrophoresis and, therefore, reduces the chance of either human-or gel-related failures. Thus, the method is suitable for performing mtDNA typing from limited amounts of forensic samples.
Introduction
Human mitochondrial DNA (mtDNA) has been completely sequenced. The control region in the major non-coding portion is located around the replication origin 1) . For some forensic samples such as bone 2) and hair 3) , only degraded DNA can be extracted and, as a result, it is di‹cult to perform DNA typing of the nuclear loci. However, mtDNA analysis can be used for such samples because mtDNA exists as numerous molecules in a single cell in contrast to other nuclear DNA 4, 5) . Numerous polymorphisms found in the two hypervariable region (HV1 and HV2) of the control region have been reported 6 11) and are used as an informative tool for the identiˆcation of individuals from forensic samples such as human hairs 12) , bones 13) , and teeth 14) . Our previous study also reported on polymorphisms in this region in the Japanese population 15) . Since our previous method was laborious and required considerable experience, a simpler systematic method using Catalyst 877 and a PRISM310 sequencer (Applied Biosystems) was developed and is described herein. We also applied this method to the determination of mtDNA sequences from hairs and discuss problems encountered in the identiˆcation of human hairs.
Material and Methods

Bloodstains, saliva stains, nails and hairs
Bloodstains and saliva stain samples were collected from unrelated Japanese individuals and were preserved in a -80°C freezer until used for DNA extraction. Saliva (cotton swabs), nails and hair samples (more than 10 cm in length) were collected from a Japanese female and a bloodstain sample was also collected from the same subject.
DNA extraction and quantitation
Bloodstains and saliva samples were incubated for 1 hour at 70°C with 100 mg/mL of Proteinase K and 1 SDS in TNE buŠer (100 mM Tris-Cl pH 8.0, 500 mM NaCl, 10 mM EDTA). The DNA was puriˆed by the phenol/chloroform/isoamylalcohol procedure, precipitated with ethanol and resuspended in TE buŠer (10 mM Tris-Cl pH 8.0, 1 mM EDTA) 16, 17) . DNA concentrations were determined by absorbance measurements at 260 nm. The sensitivity study was performed with serial dilution of DNA solutions by TE.
After serial washing procedure of Terg-AZyme (Alconox), water, and ethanol, each hair was cut into a 5 mm section, which included the root, a 5 cm section of hair shaft proximal to the 5 mm section, and a 5 cm section including the hair tip (Table 1) . Each section was incubated for 1 hour at 55°C in 40 mM DTT, 100 mg/mL Proteinase K and 1 SDS in TNE buŠer. The DNA was puriˆed by the phenol/chloroform/ isoamylalcohol procedure, concentrated with Microcon 100 Centrifugal Filter Units and diluted to aˆnal volume of 15 mL in TE buŠer 3) . DNA from nail samples were extracted using the same procedure as was used for hair samples.
Primers
Seven PCR primers were designed for the ampliˆcation of both the HV1 and HV2 regions ( Figs. 1 and 2 ). Five sets of primers can be used to amplify and determine the entire sequence of HV1 and HV2 ( Table 2 ). Three of these (HV1 B, HV1 C and HV2 E) are for DNA samples which contain the``C-stretch'' region 18) . In each forward PCR primer (F), the -21M13 primer sequence is attached at the 5′end, and in each reverse PCR primer (R), the M13REV primer sequence is attached at the 5′ end so that either the DyePrimer or DyeTerminator method can be used for sequencing.
PCR
The ampliˆcations were conducted using 1ng of DNA from the bloodstain samples, and a 2 mL aliquot of the DNA suspension from the hair samples. PCR was performed in a 25 mL volume containing 1.25U of AmpliTaq GOLD DNA polymerase, 1x PCR GOLD BuŠer, 200 mM dNTPs, 0.02 Bovine Serum Albumin and 0.5 mM of the forward and reverse primers. Thermal cycling was performed using a GeneAmp PCR system 9700 starting with 9 min at 95°C, followed by 33 cycles of 45 sec at 95°C, 30 sec at 60°C with a 50 ramp and 2 min at 72°C. A 5 mL aliquot of the PCR product was run on a 2 Nusieve ME agarose gel in TAE buŠer and visualized by ethidium bromide staining to conˆrm the quality and quantity of the product. According to the recommendations of the DNA Commission of the International Society for Forensic Genetics (ISFG) 19) , the possibility of contamination was monitored by simultaneously extracting, purifying and amplifying reagent blanks and negative controls. No DNA was detectable from the reagent blanks or the negative controls as evidenced by electrophoresis on an agarose gel.
Puriˆcation of PCR products
The PCR products were puriˆed and concentrated to 10～30 mL by means of a Microcon-100 device. The concentration of the puriˆed PCR products was then determined by an optical density measurement at 260 nm.
Sequencing
Puriˆed PCR products were sequenced using either BigDye TM primer Cycle Sequencing Kits or BigDye TM Terminator Cycle Sequencing Kits (Applied Biosystems). Sequencing reactions were performed in both directions to conˆrm the sequence. These reactions were also performed using the Catalyst 877 Integrated Thermal Cycler (Applied Biosystems). Sequence data were obtained on a PRISM 310 genetic analyzer (Applied Biosystems) using POP6. Sequence data were analyzed with the Sequencing Analysis Software 3.3 (Applied Biosystems) and comparisons were made using Sequence Navigator Software 1.01 (Applied Biosystems).
Results
Sensitivity and comparison of procedures between the previous and present methods
The sensitivity of the PCR ampliˆcation of the newly designed PCR primers was veriˆed. The sensitivity varied slightly among primer sets, but su‹cient PCR products were obtained from the 10 pg template DNA for all primer sets except HV1 B. However, these sensitivities diŠered by a factor of 10 to 100 times among individuals, indicating that the amount of mtDNA varied considerably between individuals or each sample.
Comparisons of procedures between previously reported methods and this study are shown in Table 3 . The PCR sensitivity was lower than that found for the previous nested PCR method, but the amount required for the PCR was less than that reported for the previous method and the over-all procedures, which eliminated the need for gel preparation and sample application were less laborious. Furthermore, the DyeTerminator method as well as DyePrimer method can be used for the sequencing reaction and it was possible to conˆrm the proportion of heteroplasmy in both methods. 2. MtDNA sequence from hair, nail and saliva PCR ampliˆcations were performed from 10 portions of 3 hair samples, as shown in Table  1 by averaging the percentage of the height of the A peak compared to that of the G peak at position 234 in all electropherograms from each sample.
ampliˆcation within the same hair sample, the hair root region (H1 1, H2 1, H3 1) was ampliˆed to a greater extent than the hair shaft regions, even though the root region was shorter than the shaft region. The e‹ciencies of ampliˆcation varied among hairs. The hair tip regions in hair 1 and hair 2 showed less ampliˆcation than the hair shafts proximal to the root, whereas all the regions in hair 3 showed almost the same degree of ampliˆcation. After the sequence analysis, this person contained an Adenine (A): Guanine (G) heteroplasmy at position 234 in the HV2 region (Fig. 4) .
Although the proportion of heteroplasmy was slightly diŠerent, this heteroplasmy was observed in both the DyePrimer and DyeTerminator sequencing method and in both directions. Sequencing reactions and analyses of the hair samples (H1 1 Fig. 5 Proportions of mtDNA heteroplasmy observed in various positions of hairs, nails and saliva samples Positions, H1 1 through H3 4, are shown in Table 1 .
through H3 4) were repeatedly conducted for the HV2 region (HV2 D and HV2 E) including position 234. After an analysis using the Sequence Analysis software, the A:G heteroplasmy at position 234 was typed to be either A, G, or N in each sequence reaction even for the same hair ( Table 4) .
The proportions of heteroplasmy were estimated by averaging the percentage of the height of the A peak at position 234 compared to that of the G peak in all electropherograms obtained from two sequencing chemistries and from both directions ( Table 4 and Fig. 5 ). The proportion of A:G heteroplasmy among hairs indicated a wide variation. Hair root regions (H1 1, H2 1 and H3 1) and two of the hair shaft regions (H3 3 and H3 4) ranged from about 35 A to 53 A. Three hair shaft regions (H1 2, H2 3 and H3 2) were in the range of 12  A to 24 A, whereas two hair shaft regions (H1 3 and H2 2) were found to be about 80 A and 84 A.
DNA extracted from nail samples (N1, N2 and N3) and a saliva sample (S) were also sequenced and the average proportions are shown in Table 4 and Fig. 5 . The proportion of heteroplasmy observed in nails (N1, N2 and N3) was in the range of 51 A to 75 A and that in the saliva sample (S) was approximately 54 A.
Discussion
In this study, we report on the sequencing of the mtDNA control regions, HV1 (15,998 16,400) and HV2 (30 437). These regions are su‹ciently wide for comparing with other mtDNA databases 11) . We used a``tagged primer'' for mtDNA ampliˆcation because this permits the DyePrimer method as well as the DyeTerminator method to be used for sequencing. We used diŠerent tags for a forward or reverse primer in order to conduct both forward and reverse strand sequencing reactions from a single PCR ampliˆcation 19, 20) . Atˆrst, we think there was a signiˆcantly diŠerent result obtained from the DyePrimer method and the DyeTerminator method, but, in this study, the level of detection of heteroplasmy was similar for both methods in this position.
As shown in Table 4 , the result of an analysis using Sequence Analysis and Sequence Navigator software did not always perform base calling as heteroplasmy (N), which was only displayed when the height of two heteroplasmic peaks were almost the same. In most cases, only a major peak was detected and reported even though a small minor peak was obviously present in the electropherogram. Although BigDye Terminators give much more even peaks than other kits, uneven peak heights are still found in some speciˆc sequence contexts because of the character of the AmpliTaq enzyme 21) . Uneven peak heights depending on sequence contexts may cause the diŠerence of the proportion of heteroplasmy. This indicates that analyses of mtDNA heteroplasmy should be checked both by sequencing repeatedly in both directions and by visual inspection of the electropherograms.
Length heteroplasmy has been reported within one individual 18, 22, 23) , and variable proportions of heteroplasmy have also been observed in hair roots within a single individual 24, 25) . Our study also indicates variations in the proportions of heteroplasmy, which were observed in hairs, nails and saliva from a single individual. Even within the same hair, the proportions of heteroplasmy were diŠerent at a given position. These results suggest that if one individual has mtDNA heteroplasmy either in the C-stretch region or other regions, his/her hair samples may have diŠerent proportions of heteroplasmy for blood or saliva samples as well as between his/her individual hairs. Therefore, for forensic human identiˆcation using mtDNA sequence polymorphisms of trace samples such as hairs and nails, attention must be focused on the possibility of heteroplasmy, and as many samples as possible from one individual should be examined.
